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DECLARATION OF WILLIAM G. KERR, Ph.D., UNDER 37 C.F.R. §1.132 

Sir: 

I, William G. Kerr, Ph.D., of the University of South Florida, hereby declare: 
THAT, I am a named inventor on the above-referenced patent application (hereinafter the 
'174 application); 

THAT, my curriculum vitae is already of record in the '174 application; 
THAT, I have read and understood the specification and claims of the ' 174 application and 
the Office Actions dated February 18, 2004 and October 6, 2004; 
AND, being thus duly qualified, do further declare: 

1. The above-referenced Office Action dated October 6, 2004 indicates that claims 38-73 are 
rejected under 35 U.S.C. §112, first paragraph, as lacking sufficient written description by the patent 
application. 

2. As indicated at page 8, lines 14-20, and page 31, lines 3-13, of the 474 application, the invention 
is based on the unexpected finding that reducing the activity of hematopoietic-specific SH2- 
containing inositol-5-phosphatase (SHIP-1) has physiological effects, such as alteration of natural 



Docket No. USF-T150CX 
. Serial No. 09/955,174 



killer (NK) cell -mediated activities, which provide therapeutic benefits such as suppression of 
transplant rejection and treatment of graft- versus-host disease (GVHD). 

3. The Reviewer indicates that the '174 application does not provide adequate written description 
for the breadth of the genus claimed (i.e., manmialian SfflP-1 mRNA). The Reviewer points out 
that mammalian SHIP-1 mRNA encompasses SHIP-1 mRNA from mammals other than human and 
mouse (e.g., monkey, rabbit, horse), and encompasses multiple existing isoforms within a given 
mammalian species. 

4. As indicated in my previous Declaration dated July 16, 2004, and as evidenced by Exhibits B and 
C, which accompanied that Declaration, the mRNA sequences of human and mouse SHIP-1 were 
known at the time '174 application was filed. The degree of homology between human SHP-1 and 
mouse SHIP-1 nucleotide sequences is high. It is reasonable to expect that there would be a high 
degree of homology between humans or mice and many other mammals. Submitted herewith as 
Exhibit A (four pages) is mammalian orthology data for SHIP-1 obtained from the National Center 
for Biotechnology Information's (NCBI) HomoloGene database 
(http://vvww.ncbi.nlm.nih.^ov/HomoloGene/ ), which is a publicly available system for automated 
detection of homologs among the annotated genes of several completely sequenced eukaryotic 
genomes and is readily utilized by those of ordinary skill in the art. The SHIP-1 sequence of rat (R. 
norvegicus) has now been determined and a potential chimpanzee {P. troglodytes) SHIP-1 
orthologue has also recently been identified. Exhibit A includes a table of pair wise alignment 
scores, showing levels of SHIP-1 homology among humans, mice, rats, and (potentially) 
chimpanzees. As shown in Exhibit A, each sequence has the SHIP-1 enzymatic domain (inositol 5'- 
phosphatase) and the degree of nucleotide homology between human SHIP-1 and mouse and rat 
SHIPl is over 85% . Although the potential chimpanzee orthologue is shown on the database to lack 
a detectable amino-terminal src-homology domain (SH2), it is noteworthy that there is nonetheless 
97% nucleotide homology between human SHIP-1 and the chimpanzee sequence. Furthermore, 
mice and humans are believed to have the same five SHIP-1 protein isoforms. There would be no 
difficulty in identifying target mRNA sequences shared by all known hematopoietic SHIP-1 
isoforms in humans and mice, due to the extensive amount of sequence overlap between the 
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isoforms (see Figure 2A of Rohrschneider a/. , Genes & Development, 2000, 14:505-520, the full 
text of which is submitted herewith as Exhibit B). Moreover, the SHIP-1 enzymatic domain, which 
one of ordinary skill in the art would likely consider the starting point for selecting any inhibitory 
hybridizing nucleic acid molecule for SHIP-1, is very high in all five isoforms. Four of the five 
isoforms also contain the SH2 domain. Thus, based on the high degree of homology between known 
mammalian SHIP-1 orthologues, and the high degree of conservation between SHIP-1 isoforms 
(particularly, in the SHIP-1 enzymatic domain), the '174 application provides an adequate written 
description of mammalian SHIP-1 mRNA. Therefore, having the sequence of the target gene, one 
skilled in the art could readily envision target nucleic acid sequences within the recipient mammal ' s 
mRNA. Due to nucleotide complementarity, nucleic acid molecules likely to hybridize with SHIP-1 
mRNA and interfere with its expression could then be determined. 

5. The above-referenced Office Action dated October 6, 2004 indicates that claims 38-66 are 
rejected under 35 U.S.C. § 1 12, first paragraph, as lacking enablement by the patent application. The 
Reviewer indicates that, in order for the full scope of the instant invention to be enabled, the results 
obtained using ablation experiments cannot be substituted for the unpredictable endeavor of 
providing treatment effects including altering NK cell function and GVHD in any mammal using 
any RNAi targeting any mammalian SHIP-1 mRNA. Furthermore, the Reviewer indicates that it 
would be highly unpredictable that complete ablation will be obtained using the inhibitory molecules 
recited in the claims, and a measure of the extent of target gene inhibition required to achieve this 
treatment effect (observed in an ablated mouse model) must be determined empirically and, 
therefore, requires undue experimentation. The '174 patent application enables reducing 
mammalian SHIP-1 function in vitro or in vivo, altering NK function in a manmial, preventing (or 
reducing) transplant rejection in a patient, and preventing or treating graft-versus-host disease 
(GVHD) in a patient, each by administering an effective amount of interfering RNA (RNAi) specific 
for mammalian SHIP-1 mRNA. As indicated above, the level of homology between known 
mammalian SHIP-1 isoforms is high. Having the sequence of the target gene, one skilled in the art 
could readily envision target nucleic acid sequences within the recipient mammal' s mRNA. Due to 
nucleotide complementarity, nucleic acid molecules likely to hybridize with SHIP-1 mRNA and 
interfere with its expression could then be determined without resort to undue experimentation. The 
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following experiments support the enablement of the invention as claimed in the accompanying 
~ Amendment. 

6. ShRNA vector specific for SfflP-1 : C57BL6/J mice were injected i.p. on days 1, 2, and 3 with a 
SHIP-1 shRNA vector complexed with the cationic lipid DOTAP. The vector design and sequence 
is shown in Exhibit H of my Declaration dated July 16, 2004. The mice showed significant 
suppression of all detectable SHIP-1 isoforms in the spleen, as shown in Figure A of Exhibit G of 
my Declaration dated July 16, 2004. 

7. SHIP- 1 -specific siRNA molecules : Four different SHIP-1 -specific siRNAs (#1-4) were screened 
in vitro for knockdown of SHIP-1 in mouse cells. The sequences of siRNAs #1-4 and respective 
target sites widiin the open reading frame of mouse SHIP-1 are shown in Exhibit I of my Declaration 
dated July 16, 2004. siRNAs #1 and #4 were pooled and tested in vivo by injecting i.v. the siRNAs 
complexed with DOTAP into C57BL6/J mice. As with SHIP-1 shRNA-treated mice, there was 
partial suppression of SHIP-1 expression in peripheral mononuclear cells (PBMC), as determined by 
Western blotting 20 hours post-treatment (as stated in my Declaration dated July 16, 2004). The 
myeloid compartments of the mice were also analyzed by fluorescence activated cell sorting 
(FACS), which showed a significant increase in Mac-hGrl -monocytes and circulating Macl-HGR1+ 
cells (myeloid suppressor cells) was observed in the SHIP-1 -specific siRNA treated mice, relative to 
controls, as shown in Figure B of Exhibit G of my Declaration dated July 16, 2004. These findings 
show that SHIP-1 -specific interfering RNA can have profound physiological effects in a rapid 
fashion, even when complete knockdown is not achieved. 

8. Partial Induction of SHIP-1 deficiency in adult mice increases Macl+Grl-t- MSG and suppresses 
allogeneic T cell priming in lymphoid tissues : Figures A-C of Exhibit C, which is submitted 
herewith for the Reviewer's consideration, shows that induction of SHIP-1 deletion in the adult 
MXCreSHIPflox/- mice dramatically increases MSG numbers in the lymph node (LN) and spleens 
of mice, and leads to compromised priming of allogeneic T cells. This occurs within approximately 
one to three weeks of SHIP- 1 deletion and does not require complete ablation of SHIP- 1 expression, 
as mice with partial SHIP-1 ablation also show significantly reduced priming of allogeneic T cells. 
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The MXCre mouse represents a stringent model for assessment of altered SHIP-1 function, and is 
recognized by those in the field as a valid tool for determining the physiological effects of 
endogenous gene ablation in vivo. Figures D and E of Exhibit C, which is submitted herewith, show 
that SHIPflox/- mice with myeloid-specific expression of Cre (LysCre) have a significant increase in 
MSG that leads to a profound suppression of allogeneic T cell priming. Again, only a partial 
deletion of SHIP- 1 in the myeloid lineage is required to achieve significant suppression of allogeneic 
T cell responses, which mediate GVHD and organ graft rejection. These findings demonstrate that 
even partial induction of SHIP-1 deficiency in vivo can increase the representation of cells capable 
of suppressing allogeneic T cell priming. A reduced allogeneic T cell response is considered by 
those in the field as a key determinant to successful engraftment. Thus, this physiologic response is 
clinically favorable and reasonably correlates with a therapeutic benefit in mediating GVHD and 
organ graft rejection. 

The undersigned declares further that all statements made herein of his own knowledge are 
true and that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Gode and that such willful false statements may jeopardize the validity of the application or of any 
patent issuing thereon. 



Further declarant sayeth naught. 



Signed: 




William G. Kerr, Ph.D. 



Date: 
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Structure, function, and biology 
of SHIP proteins 

Larry R. Rohrschneider/ John F. Fuller, Ingrid Wolf, Yan Liu, and David M. Lucas^ 

Fred Hutchinson Cancer Research Center, Division of Basic Sciences, Seattle, Washington 98109-1024 USA 



One of the "simple" curiosities of life, at least for a bio- 
logical scientist, is how the growth and development of 
a complete organism from a single cell is controlled. Part 
of the answer includes growth factor receptors and their 
respective ligands, which transduce signals across cell 
membranes and into the nucleus for transcriptional read- 
out. The molecular nature of these intracellular signals 
determines the type of signals, the pathways involved, 
subsequent regulatory interactions, and eventual tran- 
scription factor activation/repression. Hematopoietic 
cell development has been a fruitful system for the 
analysis of these signals because mature blood cells de- 
velop from a small population of self-replicating stem 
cells in the bone marrow, providing a convenient model 
cell system to study these mechanisms. In recent years a 
new signaling protein component of many growth factor 
receptor signaling pathways has been identified, called 
SHIP (SH2-containing Inositol 5 '-Phosphatase). This re- 
view presents current structural information on the 
SHIP protein and its various roles in cellular regulation. 

SHIP was initially observed as a tyrosine-phosphory- 
lated protein after stimulation of blood cells by any of a 
broad number of cytokines and growth factors (Damen et 
al. 1993; Kavanaugh and Williams 1994; Lioubin et al. 
1994; Liu et al. 1994; Matsuguchi et al. 1994; Saxton et 
al. 1994; Drachman et al. 1995; Chacko et al. 1996; 
Crowley et al. 1996). cDNAs for the cognate protein 
were cloned by several laboratories. The cloning meth- 
ods varied, and some utilized the biochemically identi- 
fied interactions of SHIP with Grb2, She, or Fc receptors 
to isolate a ~145-kD protein, obtain peptide sequences, 
and screen a cDNA library with degenerate probes 
(Damen et al. 1996; Kavanaugh et al. 1996; Ono et al. 
1996; Odai et al. 1997). A novel approach employing a 
modified yeast two-hybrid screen was used in two cases 
in which the yeast expressed an exogenous tyrosine ki- 
nase. This allowed identification of tyrosine-phosphory- 
lated SHIP cDNA segments by specific interactions with 
the PTB domain of She (Lioubin et al. 1996) or the cyto- 
plasmic sequence of an Fc receptor (Osborne et al. 1996). 

' Corresponding author. 

E-MAIL lrohrsch@fhcrc.org; FAX (206) 667-3308. 

-present address: Department of Internal Medicine, Ohio State Univer- 
sity, Columbus, Ohio 43210 USA. 



Other cloning methods obtained SHIP cDNA from EST 
probes (Q. Liu et al. 1997) or by general cloning of ino- 
sitol 5 '-phosphatases using degenerate PGR (Drayer et al. 
1996). Subsequent studies have begun to examine the in 
vivo biological function of SHIP, and the following sec- 
tions will cover sequential details on the structure and 
biological function with a critical analysis of the overall 
role of SHIP in cellular regulation. 

SHIP structure and protein interaction motifs 

SHIP structure 

The domain and motif structure of pi 45 SHIP is shown 
in Figure 1. SHIP contains 1190 amino acids, with a cal- 
culated molecular mass of 133 kD, and contains several 
identifiable motifs important for protein-protein inter- 
actions. The amino-terminal Src homology 2 (SH2) do- 
main (Schaffhausen 1995) was an early identifying char- 
acteristic of SHIP and is vital in the interactions of SHIP 
with a large number of intracellular signaling proteins. 
As will be discussed below, the numerous SH2-mediated 
interactions of SHIP are currently being exploited to in- 
vestigate its function. The central 400-500 amino acid 
portion of SHIP encodes an enzymatic activity for re- 
moval of phosphate from the 5' position of inositof poly- 
phosphate, and -300 amino acids of undefined function 
separate the SH2 domain from the 5 '-phosphatase do- 
main. About 350 amino acids comprise a distinct car- 
boxy-terminal domain, which encodes two NPXY motifs 
(in single-letter amino acid designation). Upon tyrosine 
phosphorylation of this motif, proteins containing a 
phosphotyrosine binding (PTB) domain (van der Geer and 
Pawson 1995) are known to interact with SHIP at these 
sites. For example, the PTB domain of She is known to 
bind to both these sites in phosphorylated SHIP (Lioubin 
et al. 1996; Lamkin et al. 1997). Phosphorylation of the 
NPXY motifs may also serve as potential interaction 
sites for SH2 domain-containing proteins, depending on 
the three amino acids adjacent to the carboxyl side of the 
tyrosine. Finally, several PxxP motifs are present within 
the carboxyl terminus and may serve as binding sites for 
proteins containing SH3 domains. The potential PxxP 
motifs are shown within the carboxy- terminal domain of 
SHIP in Figure 1, with the broader dark green bands as 
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Figure 1. The domain structure of pl45 SHIP. The SH2, inositol 5'-phosphatase, and carboxy-terminal domains are shown in hght 
orange, blue, and green, respectively. The region between the SH2 and inositol 5'-phosphatase domains is of unknown function and 
is shaded gray. Two asterisks above the central enzymatic domain mark the locations of homology regions with all 5'-phosphatases; 
and two NPXY motifs, when tyrosine phosphorylated, have potential for binding PTE or possibly SH2 domains. These are designated 
with red in the carboxy-terminal region. The remainder of the carboxy-terminal domain has several potential polyproline motifs (PxxP) 
for binding SH3 domains. These polyproline motifs are shown in dark green. Three of the motifs show very good consensus for SH3 
domain binding; two others have weaker homology and are shown with narrower dark green bands. The scale below the SHIP domain 
structure designates its length in amino acids. 



the more likely SH3-domain binding sites. Together, 
these structural features describe a unique signaling pro- 
tein, whose functional significance will be dependent 
upon the subsequent interactions and enzymatic activ- 
ity. Each of these aspects of SHIP will be discussed in the 
following sections. 

SHIP isoforms — an armada of SHIPs 

The endogenous SHIP protein is usually detectable as 
multiple protein bands upon PAGE, with a 145-kD spe- 
cies as the largest band consistently detected. A lower 
abundance 160-kD SHIP protein has been observed at 
times (Ono et al. 1996; Geier et al. 1997), but detection 
may be cell-type or antibody specific, and further char- 
acterization has not been reported. Full-length SHIP, 
1190 amino acid residues, is the product of a 3570- 
nucleotide ORF. However, SHIP protein products (either 
endogenous or exogenously expressed) frequently exhibit 
discrete size variability. In general, SHIP proteins of 145, 
135, 125, and 110 kD have been described in different 
laboratories (Lioubin et al. 1996; Ono et al. 1996; Lucas 
and Rohrschneider 1999). The significance of these SHIP 
isoforms, was enhanced by the observation that bone 
marrow or immature hematopoietic cell lines express 
increasingly larger SHIP proteins as differentiation pro- 
ceeds to mature blood cells (Geier et al. 1997). Therefore, 
the provenance of these isoforms is an important ques- 
tion in determining the function of the SHIP proteins. 

Possible mechanisms for isoform production include 
alternative transcriptional initiation, alternative transla- 
tional initiation, mRNA splicing, protein degradation, 
and post-transiational modification such as phosphory- 
lation. Several of these possibilities have been examined. 
A study by Damen et al. (1998) used several domain- 
specific anti-SHIP antibodies to show that the SHIP pro- 
tein is subject to specific proteolytic degradation from 
the carboxy-terminal end, possibly by a member of the 
calpain family. Several discrete protein bands were ob- 
served following expression of the cDNA for pl45 SHIP. 
The smallest SHIP protein obtained, pi 10, was associ- 
ated with the cellular cytoskeleton. 



Kavanaugh et al. (1996) described a 110-kD form of 
SHIP in human cells, SIP-1 10, proposed to be a product of 
alternative splicing (Fig. 2). SIP-1 10 lacks the 214 amino- 
terminal amino acids, including the SH2 domain. The 
SIP-1 10 protein is not tyrosine phosphorylated after 
growth factor stimulation and was identified through its 
binding to the SH3 domain of Grb2 in a phosphotyro- , 
sine-iri dependent manner, showing its ability to partici- 
pate in interactions despite its lack of an SH2 domain. 
Although 1 10-kD forms of SHIP are seen in murine cells, 
it has not been demonstrated that these forms are the 
result of SIP-1 10 or a SIP-l lO-hke mRNA spUce. On the 
other hand, at least part of the postulated splice is con- 
sistent with the exon-intron SHIP genomic information 
and would link a unique nucleotide sequence encoding a 
start methionine plus eight amino acids to the beginning 
of exon 6 before the 5 '-phosphatase domain (I. Wolf, 
D.M. Lucas, P.A. Algate, and L.R. Rohrschneider, in 
prep.). Alternatively, Kerr et al.(unpubl.) have identified 
a very similar SH/P cDNA encoding a related pi 10 prod- 
uct (GenBank accession no. AF184912); however, this 
latter SHIP protein would not require splicing but would 
arise from utilization of a transcriptional start different 
than that used for pi 45 SHIP. Presumably, a second pro- 
moter within the SHIP locus would regulate transcrip- 
tion for this pi 10 SHIP. 

In our laboratory RT-PCR analyses using SHIP-spe- 
cific oligonucleotides identified a SHIP cDNA with an 
internal 183-nucleotide deletion immediately following 
the first NPXY motif (Lucas and Rohrschneider 1999). 
When translated, this deletion results in the elimination 
of 61 amino acids after which SHIP translation proceeds 
in-frame. Because the deleted fragment contains intron 
splice donor and acceptor consensus sequences, it is 
likely to be the result of specific mRNA splicing. Several 
cDNAs encoding the A 183 SHIP protein have been 
cloned from a murine myeloid cell library. The product 
of this A 183 mRNA is calculated to be 8 kD smaller 
than full-length SHIP, correlating well with observations 
from immunoblot data showing a pI35 SHIP isoform. 
Further studies using RT-PCR showed that this A183 
cDNA is present in all of the full-length SHIP-expressing 
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Figure 2. SHIP protein isoforms and deri- 
vation, of the spliced protein products. [A] 
The structure of five SHIP isoforms is 
shown with pl45 SHIP (SHIPa) at the top, 
followed in descending order by smaller 
size SHIP isoforms. The second structure 
down (SHIPp) is an in-frame spliced prod- 
uct deleting 183 nucleotides, which affects 
the amino acids between the two NPXY 
motifs. The third SHIP isoform contains 
two spliced-out regions, A 183 and A230; 
the latter removes 230 additional nucleo- 
tides from the region immediately down- 
stream of the second NPXY motif in the 
SHIP. The out-of-frame A230 deletion 
would produce a protein with 67 new car- 
boxy-terminal amino acids (dark green), 
and the protein product of this modifica- 
tion alone would be designated SHIP7. 
The mRNA and protein for this latter 
splice are yet uncharacterized and the 
protein product should be considered as 
potential. The SHIPS protein results from 
another out-of-frame splice in the region 
encoding the carboxyl terminus and pro- 
duces 41 new amino acids at the carboxyl 
terminus (purple). An additional SHIP iso- 
form, lacking the SH2 domain, has been 
called SIP- 1 10. This product is proposed to 
result from splicing, but this possibility is 
controversial. (B) Derivation of the SHIP 
isoforms by splicing reactions. Details of 
the protein structures affected by splicing 
within the region encoding the carboxy- 
terminal domain of SHIP are shown. SHIP 
(or SHIPa) is the longest protein, and the other isoforms are derived from this product. The location of four polyproline motifs are 
shown, and the tyrosine (Y) of the two NPXY motifs are in red. The amino acid sequences surrounding each Y are shaded gray with 
the relevant Y in red. Both A167 and AI83 splices begin at the same nucleotide, but terminate at different sites resulting in production 
of SHIPS and SHIPp, respectively. The A183 spHce is in-frame; the A167 is out-of-frame producing the new carboxy-terminal tail 
sequence (purple). The A230 splice, shown at the bottom, also would produce an out-of-frame deletion with a new C-terminal sequence 
of 67 amino acids (dark green). Both AI83 and A230 splicing would begin at a site near the first or second NPXY motifs, respectively, 
and change the three amino acid motif on the carboxyl side of each Y. Therefore, both A 183 and A230 splices have the potential for 
altering any SH2 domains binding to these phosphorylated sites but the PTB domain sites remain the same. 
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cells tested so far, and thus does not appear to be subject 
to separate regulatory mechanisms. Using several SHIP- 
specific monoclonal antibodies, we were able to demon- 
strate that the 135-kD form of SHIP seen by SDS-PAGE 
is the product of A 183 message and identical to pl35 
SHIP. An additional monoclonal antibody (P2A8) made 
using an immunogen spanning the spliced junction in- 
dependently confirmed these results (Lucas and Rohr- 
schneider 1999). The amino acid sequence removed by 
the A183 splice contains several PxxP sequences. In ad- 
dition, the splice junction changes the third amino acid 
downstream of the phosphorylated Y in the first NPXY 
motif. This change could have significance for altering 
the specificity of binding via SH2 domains; however, at 
present, the potential for SH2 domain-containing pro- 
teins binding to this site is not well understood. 

A SMP-spliced form similar to the murine A 1 83 is also 
present in human myeloid cells. This human SHIP was 
detected by RT-PCR analysis in human ML-1 cells 



treated with TPA and in human peripheral blood leuko- 
cytes. The deletion in the human cells is slightly larger 
and lacks 282 nucleotides, including those encoding the 
first NPXY motif. These 282 nucleotides encompass an 
entire exon instead of the intraexonic splice observed in 
the murine gene. Like the A 183 deletion, the A282 dele- 
tion remains in the original reading frame following the 
splice but produces a SHIP cDNA isoform, which if 
translated, would lack 94 amino acids totaling 10 kD 
(Lucas and Rohrschneider 1999). A SHIP polyclonal an- 
tibody detects a 135-kD band in human hematopoietic 
cells, but we have not yet confirmed that this corre- 
sponds to the A282 human SHIP. The biological signifi- 
cance of the pl35(A183) SHIP isoform is not yet under- 
stood, but because both human and murine forms appear 
to delete or modify the first NPXY motif along with the 
deletion of a potential SH3-binding motif, it is likely that 
at least part of its function relates to protein(s) binding to 
this region. 
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Two additional SHIP splice variants have been de- 
tected in the murine myeloid cells. A 167-nucleotide de- 
letion of SHIP beginning at the same nucleotide as the 
A 183 deletion, but ending 16 nucleotides before that of 
A 183, has been characterized (I. Wolf, D.M. Lucas, P. A. 
Algate, and L.R. Rohrschneider, in prep.). This deletion 
is also flanked by consensus splice donors and acceptors 
and appears to be the result of mRNA splicing. However, 
following the splice, the sequence continues in a differ- 
ent reading frame and produces 4 1 unique amino acids at 
the carboxyl terminus before reaching a stop codon. The 
calculated size of this A 167 cDNA is 108 kD, potentially 
explaining one of the multiple 1 10-kD bands seen in mu- 
rine SHIP immunoblots. An additional splice event has 
been observed by RT-PCR analysis just downstream of 
the region encoding the second NPXY motif; however, it 
has not been characterized further and its existence in 
vivo is uncertain. This potential splice would delete 230 
nucleotides in the last coding exon with a frameshift in 
translation. Splice donor and acceptor nucleotides flank 
the deletion, and the proposed splice junction would 
change the third amino acid on the carboxy-terminal 
side of the phosphorylated Y in the second NPXY motif. 
Thus, there might be some recapitulation of transla- 
tional modifications at both the first and second NPXY 
motifs; however, the latter splice modification is specu- 
lative. 

SHIP nomenclature 

Several aspects of SHIP expression present a difficulty in 
nomenclature. Protein degradation of pi 45 SHIP protein 
from the carboxyl terminus creates multiple distinct 
SHIP proteins as described by Damen et al. |1998), and 
multiple SHIP splicing can generate SHIP proteins each 
unique from those created by proteolytic degradation. In 
addition, the proteolytic degradation of SHIP also may 
occur on each sphced form of SHIP identified. One ex- 
ample is the A 183 SHIP cDNA encoding a 135-kD SHIP 
protein. A similar size SHIP band is detected as a degra- 
dation product from the 145-kD full-length SHIP, but 
these two -135-kD proteins are distinguishable by using 
several monoclonal antibodies (Lucas and Rohrschneider 
1999). These numerous SHIP proteins, plus the cloning 
of a new homolog, SHIP2 (Pesesse et al. 1997), indicates 
that a better nomenclature is required. 

The body of SHIP literature is large and rapidly grow- 
ing, and because of the number of references to the 145- 
kD form as SHIP, no modification needs to be made to 
this designation. However, recently published work re- 
fers to this form as SHIPl to differentiate it from the 
newly described SHIP2 (Pesesse et al. 1997). To permit 
better identification of the multiple smaller spliced iso- 
forms of SHIPl, we propose that these be labeled with 
Greek letters by their successively smaller size, as has 
been done with other protein systems. Thus, the 145-kD 
product can be named SHIP, SHIPl, or SHIPa,- the prod- 
uct of the A 183 deletion can be termed SHIPP; the 125- 
kD SHIP (if characterized better in vivo) can be referred 
to as SHIP7; and the newly described A 167 spliced form 



can be termed SHIPS. These designations of each SHIP 
isoform along with its structure are listed in Figure 2. 



Expression 

SHIP was initially detected in the more mature cells of 
the blood, but it is now apparent that almost all cells of 
the bone marrow and blood express at least one form of 
this protein. The presence of SHIP mRNA has been de- 
tected at the earliest stages of hematopoietic cell devel- 
opment in mouse embryos (Q. Liu et al. 1998), and pro- 
tein expression has been observed in all blood cell lin- 
eages, to various degrees, using flow cytometric analysis 
of bone marrow and blood (Geier et al. 1997). This latter 
study also demonstrated the differential expression of 
various SHIP isoforms during differentiation of the hu- 
man ML-1 myeloid leukemia cell line from an immature 
myeloid state to mature macrophages or granulocytes. 
The immature cells expressed a pi 10 SHIP isoform pri- 
marily (e.g., SHIP8), whereas the mature cells expressed 
mostly SHIPa and SHIPp. This expression pattern also 
was observed in murine bone marrow cells and mature 
macrophages derived from these bone marrow cells (Lu- 
cas and Rohrschneider 1999). These results indicate 
complex splicing events for SHIP expression during he- 
matopoietic cell development, with potentially different 
functions for each isoform and cell lineage. 

Many reports have demonstrated SHIP mRNA expres- 
sion in tissues such as spleen, testis, liver, lung, and 
brain by Northern blot analysis. This method of analysis 
is prone to contaminations with blood cells and should 
also be combined with histochemical detection. Q. Liu 
et al. (1998) performed both analyses and demonstrated 
SHIP expression primarily in cells of the blood and tes- 
tes. Within the testes, SHIP-positive cells were restricted 
to the spermatids and localized to the cell membrane. 
The function of SHIP in spermatogenesis is not yet 
known. 



SHIP enzymatic activity 

Inositol 5' -phosphatase 

The central enzymatic domain of SHIP was identified by 
its sequence similarity to previously identified inositol 
phosphatases and is tightly conserved (96% identical) be- 
tween murine and human SHIP (Ware et al. 1996; Geier 
et al. 1997). Its enzymatic activity removes the phos- 
phate group from the 5' position of both phosphatidyl- 
inositol 3,4,5-trisphosphate [PI(3,4,5)P3] and 1,3,4,5-tet- 
rakisphosphates (IP4) (Damen et al. 1996; Lioubin et al, 
1996). The 3' position of the inositol phospholipid must 
be phosphorylated before SHIP can dephosphorylate the 
5' position (Damen et al. 1996) suggesting that SHIP acts 
sequentially with phosphatidylinositol 3' kinase (PI3'K) 
in an inositol phospholipid pathway. This 5'-phospha- 
tase activity is not regulated by tyrosine phosphorylation 
or interaction with adaptor proteins. Rather, it is be- 
lieved that localization is the determining factor in its 
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mechanism of action. Upon cell stimulation with a 
growth factor, cytoplasmic SHIP is transported to sites 
near the lipid substrates at the plasma membrane. 

Most assays for SHIP enzymatic activity have been in 
vitro. However, when inositol phospholipids have been 
quantified from cells either lacking SHIP or induced for 
tyrosine phosphorylation of SHIP, the results have con- 
sistently supported the in vivo role for SHIP in the con- 
version of PI(3,4,5|P3 to PI(3,4)P2 (Giuriato et al. 1997; 
Scharenberg et al. 1998; Gupta et al. 1999; Huber et al. 
1999; Liu et al. 1999). 

SHIP homologs 

SHIP belongs to a family of inositolpolyphosphate phos- 
phatases, comprised of two major classes: the general 
class of inositol phosphatases and the more closely re- 
lated SH2-containing 5 '-phosphatases. The former class 
of general inositol phosphatases can be subdivided fur- 
ther into those proteins removing phosphate from posi- 
tions other than the 5' position on the inositol ring/ and 
a more related group composed of inositol 5 '-phosphata- 
ses only (Majerus et al. 1999). All inositol 5'-phosphata- 
ses (including SHIP and SHIP2) contain two main amino 
acid sequence motifs defining this class of enzymes. 
Thus, the SHIP family tree shows the closest relation- 
ship to other SH2-containing inositol 5 '-phosphatases, 
followed by the general class of inositol 5 '-phosphatases 
(lacking an SH2 domain), and finally, all other inositol 
phosphatases removing phosphate from positions not in- 
cluding 5' on the inositol ring. The SHIP homologs and 
their relationships will be discussed in order of descend- 
ing relationship to SHIP itself. 

The closest relative to SHIP is called SHIP2, and both 
proteins contain the same major structural features and 
exhibit an overlapping tissue expression pattern (Pesesse 
et al. 1997; Wisniewski et al. 1999). SHIP2 was originally 
cloned as a product potentially complementing the Fan- 
coni anemia group A gene defect (Hejna et al. 1995), but 
the SH2 domain was not included in this clone. This 
gene product was called SIC. Interestingly, one strategy 
for the original cloning of SHIP employed the PTB do- 
main of She to recognize tyrosine-phosphorylated target 
proteins from myeloid cells. In addition to SHIP itself, 
the 51C protein was identified as a She PTB domain tar- 
get in the same screen (Lioubin et al. 1996). Subsequent 
work with myeloid cells identified the complete cDNA 
for 51C and renamed the product SHIP2 (Pesesse et al. 
1997; Wisniewski et al. 1999). 

The SHIP2 protein exhibits highest amino acid iden- 
tity to SHIP: -38% overall identity. The highest identity 
occurs within the 5 '-phosphatase domains (64%), with 
slightly less identity in the amino-terminal SH2 do- 
mains (54%). The carboxy-terminal region of SHIP2 ex- 
hibits even less identity; however, all of the sequence 
motif hallmarks of SHIP are present including numerous 
polyproline regions (perhaps eight) for potential SH3-do- 
main binding, and a single NPXY motif, which no doubt 
accounts for She binding through its PTB domain. SHIP2 
protein is observed as a 155-kD protein on polyacryl- 



amide gels, and it is not known whether the 160-kD 
protein seen in some SHIP preparations represents anti- 
genic cross-reactivity with SHIP2. Despite their similari- 
ties, important differences between these two proteins 
have been identified. First, although SHIP'S expression is 
restricted to hematopoietic and spermatogenic cells, 
SHIP2 expression is much more ubiquitous with primary 
expression not only in blood cells (Pesesse et al. 1997; 
Bruyns et al. 1999) but also in skeletal muscle, heart, 
placenta, and pancreas. Second, although enzymatic 
activity of both SHIP homologs requires that its phos- 
phoinositide substrate have the 3' position phosphory- 
lated, presumably by PI3'K, 5 '-phosphatase assays dem- 
onstrate that these two proteins exhibit different sub- 
strate specificity. Only SHIP removes the 5' phosphate 
from both PI(3,4,5)P3 and the soluble Ins(l,3,4,5)P4; 
whereas SHIP2 utilizes the PI(3,4,5)P3 substrate only 
(Wisniewski et al. 1999). These data suggest that SHIP 
and SHIP2 may not be completely redundant in function 
and that, even when expressed in the same cell, each 
may either regulate different pathways of inositide me- 
tabolism or interact differently with dovmstream effec- 
tor proteins. 

The presence of one close SHIP homolog suggests that 
others may yet exist. The existence of additional ho- 
mologs is plausible considering the ubiquitous distribu- 
tion of PI3'K, phosphoinositol lipids, and the necessity of 
their metabolism; however, more distantly related 5'- 
phosphatases could perform some of these functions. At 
present, evidence for the presence of only one additional 
potential SHIP homolog in insulin-stimulated CHO cells 
is available (Guilherme et al. 1996). 

Moving down the SHIP homology and function scale, 
we come to the ubiquitously expressed inositol 5 '-phos- 
phatases synaptojanin 1 and 2, the X-linked OCRL (ocu- 
locerebrorenal-Lowe's) syndrome 5 '-phosphatase, and 
the platelet type II enzyme with similar specificity. The 
grouping of these enzymes is determined both by lack of 
an SH2 domain and the presence of 5 '-phosphatase en- 
zymatic activity. In this class, however, the substrate 
does not need to be phosphorylated at the 3' position of 
the inositol ring (and is therefore PI3'K independent). 
The synaptojanins are thought to be involved in synaptic 
vesicle trafficking and form complexes with dynamin 
and amphiphysin to promote vesicle recycling (Cremona 
et al. 1999; McPherson et al. 1996; Chung et al. 1997b; 
Nemoto et al. 1997). Both synaptojanins 1 and 2 have 
brain-specific and ubiquitously expressed isoforms 
(McPherson et al. 1996; Khvotchev and Siidhof 1998); 
like SHIP, both are subject to tissue-specific alternative 
splicing, which alters the carboxy-terminal region of the 
protein (Sect et al. 1998; Nemoto and De Camilli 1999). 
In addition to the inositol phosphatase activity, the syn- 
aptojanins also possess a carboxy-terminal proline-rich 
region allowing interaction with SH3 domains. These 
multiple synaptojanin forms present an intriguing paral- 
lel to SHIP, but their biological function is clearly dis- 
tinct. 

The two additional members of this class, the OCRL/ 
IP5P and type II IP5P, display 44%-52% similarity to 
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SHIP in the catalytic domain but are divergent outside 
this region and lack the protein-protein interaction mo- 
tifs found on SHIP (Attree et al. 1992; Lioubin et aL 
1996). The OCRL protein is an interesting example of a 
lipid metabolizing enzyme whose defect leads to an ab- 
normal phenotype in humans: namely, OCRL syndrome 
characterized by renal failure, mental retardation, and 
blindness (Kawano et al. 1998). The OCRL protein is 
expressed broadly, but as the name implies, defects in 
the X-linked human OCRL gene (destroying the 5 '-phos- 
phatase activity) affect primarily lens, brain, and kidney 
cells. Cells from OCRL patients still express active type 
II inositol 5'-phosphatase but accumulate PI(4,5)P2. 
These results suggest the strong compartmentalization 
of 5 '-phosphatases and the importance of inositol lipids 
in cell physiology. 

Much farther down the SHIP homology scale are found 
a range of inositol phosphatases hydrolyzing the phos- 
phate at positions of the inositol ring not including 5'. 
Many are not well characterized but include those phos- 
phatases acting on the 1, 3, or 4 positions of the phos- 
phorylated inositol ring. Inositol phosphatases in this 
class have very little sequence identity to SHIP: how- 
ever, in this instance, the importance of sequence iden- 
tity is superceded by other considerations. For example, 
members of this class of phosphatases probably operate 
in the same lipid-metabolizing pathway as SHIP. The 
inositol polyphosphate 4-phosphatases function in a 
group that metabolize PI(3,4)P2, the lipid product pro- 
duced by SHIP and its substrate PI(3,4,5)P3 (Norris et al. 
1995, 1997). Another member of this group is the tumor 
suppressor protein PTEN (for review, see Maehama and 
Dixon 1999). The phosphatase activity of PTEN removes 
the phosphate at the 3' position from PI(3,4,5)P3, pro- 
ducing PI(4,5)P2. Like SHIP, PTEN's substrate requires 
phosphorylation by PI3'K, but unhke SHIP, the net effect 
is the apparent reversal of PI3'K enzymatic activity. In- 
terestingly, even though the 4-phosphatase and PTEN 
remove phosphate from different sites on the inositol 
ring, both have the same amino acid sequence motif at 
the active site, C(X)5R (Zhang et al. 1994; Zhou et al. 
1994; Fauman and Saper 1996). SHIP and SHIP2, exhib- 
iting little overall sequence relationship to the 4-phos- 
phatase or PTEN, both contain, in addition to the two 
signature motifs for the 5 '-phosphatase family (Majerus 
et al. 1999), the related amino acid sequence motif 
C(X)sK. The second signature motif is probably the phos- 
phatase active site and the CjXl^K motif may be part of 
that active site. It is not knovm whether the additional 
CjXjsK motif has any role in the 5 '-phosphatase enzy- 
matic activity. 

Analysis of genomic sequencing databases have re- 
vealed no identifiable nonmammalian homologs of 
SHIP. Members of the 5 '-inositol phosphatase family 
have been found in Caenorhabditis elegans and Dro- 
sophila melanogastet; however, these sequences lack 
the protein-protein interaction motifs that make the 
SHIP protein unique. The lack of close SHIP homologs in 
these organisms suggests that SHIP may be a late evolu- 
tionary modification. 



SHIP interactions with other proteins 

As described above, the protein structure of SHIP con- 
tains numerous recognizable protein-protein interaction 
motifs. As in any signaling pathway, the function of 
SHIP must depend on its interaction with other up- 
stream proteins, as well as downstream effector proteins 
and potential regulatory interactions. The observation 
that the different isoforms of SHIP either delete or oth- 
erwise modify these motifs further suggests that these 
regions play important individual roles in guiding the 
function of SHIP and that this function can be tailored by 
expressing these different isoforms. The following is an 
examination of the known and potential protein binding 
partners interacting with SHIP. 

ITIM/ITAM motifs 

The amino-terminal SHIP SH2 domain binds to phos- 
pho tyrosine residues and is a key feature mediating the 
interactions of numerous signal transduction proteins. A 
screen of a degenerate phosphopeptide library has shown 
a SHIP SH2 domain preference for a pY(Y/D)X(L/I/V) 
motif on target proteins (Osbome et al. 1996). This target 
motif matches sequences found in the so-called immmu- 
noreceptor tyrosine-based activation motif (ITAM, 
YXXLX^gYXXL in single-letter amino acid code) and the 
immunoreceptor tyrosine inhibition motif [ITIM, (V/ 
I)XYXX(L/V)] (for review, see Unkeless and Jin 1997). 
During B-cell activation, the ITAM located on the cyto- 
plasmic tail of the B-cell receptor (BCR) becomes phos- 
phorylated on tyrosine and coordinates a proliferative 
signal in response to engagement and coclustering of 
BCRs by soluble-immunoglobulin bound to antigen (Ku- 
rosaki 1999). This is a critical first step in positive acti- 
vation of naive B cells. Negative signaling in B cells is 
mediated by the Fc7RnB receptor. The binding of the 
SHIP SH2 domain to the ITIM motif of FC7RIIB is an 
important component of this negative signaling (Ono et 
ai. 1996; Tridandapani et al. 1997; Coggeshall 1998) and 
will be discussed in greater detail below. 

The ITIM motif is a component of the killer cell in- 
hibitor receptors (KIR) found on natural killer (NK) and T 
cells (for review, see Saito 1998) and the KIR-like recep- 
tor gp49Bl on mast cells (Kuroiwa et al. 1998). However, 
whereas SHIP does not bind the ITIM of the KIR on NK 
cells (Gupta et al. 1997; V^ly et al. 1997), it does bind the 
ITIM motif of gp49Bl. Interestingly, gp49Bl contains 
two ITIM motifs, and SHIP displays a preference for 
binding to the ITIM proximal to the carboxyl side of the 
receptor. Additionally, the platelet cell endothelial ad- 
hesion molecule 1 (PECAM-1 or CD3I) also contains 
two ITIM motifs, and SHIP has been shown to have pref- 
erential binding to just one of these. Therefore, it appears 
that the binding of the SHIP SH2 domain to ITIM se- 
quences is not promiscuous and is possibly restricted by 
additional amino acid residues outside the ITIM motif 
unique to each protein. 

The SH2 domain of SHIP also binds to ITAM motifs of 
the Fc^RIIa and Fc^RI-associated y chain on monocytes 
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(Maresco et al. 1999), the Fc€Rl7 chain on mast cells, the 
CDS complex, and the T-cell receptor i chain (Osborne 
et al. 1996). However, these interactions have only been 
suggested through in vitro binding studies. With the ex- 
ception of SHIP binding to FcvRI (discussed in detail be- 
low) the biological relevance of these interactions with 
IT AM- containing receptors is unknown. 



SHP-2 

The protein tyrosine phosphatase SHP-2 has been re- 
ported to interact with the SH2 domain of SHIP (Sattler 
et al. 1997; L. Liu et al. 1997b). In one of these reports, it 
was demonstrated that IL-3 stimulation of B6SUtAl 
cells results in the coimmunoprecipitation of SHIP and 
SHP-2 and that the SHIP SH2 domain alone was able to 
precipitate SHP-2 from cell lysates. As with other stud- 
ies of this type, these data do not completely rule out the 
possibility that this association could be indirect and 
mediated by other molecules. Regardless of how the in- 
teraction takes place, both'reports suggest that the asso- 
ciation of SHIP with SHP-2 is exclusive of the well-de- 
scribed SHIP-Shc interaction. Furthermore, the onco- 
gene BCR~ABL shifts the association in favor of the 
SHIP-SHP-2 complex, in which BCR~ABL also partici- 
pates (Sattler et al. 1997). SHIP is rapidly tyrosine phos- 
phorylated and dephosphorylated following growth fac- 
tor stimulation, and the potential significance of the 
SHIP-SHP-2 interaction may reside in the possibility 
that SHP-2 is responsible for the observed dephosphory- 
lation of SHIP or a protein associated with SHIP. 



Gab family proteins 

Gab family members, including Gabl and Gab2 in mam- 
malian cells and DOS in Drosophila, are scaffolding pro- 
teins that participate in many signaling pathways acti- 
vated by various cytokines and growth factors (for re- 
view, see Huyer and Alexander 1999). These molecules 
contain an amino-terminal pleckstrin homology (PH) do- 
main, a central proline-rich domain and multiple tyro- 
sine phosphorylation sites spanning the length of the 
protein, which act as docking sites for the SH2 domain- 
containing proteins. Direct associations of Gab family 
members with Grb2, p85-subunit of PI3-kinase and the 
tyrosine phosphatase SHP-2 have been found in diverse 
signaling pathways (Holgado-Madruga et al. 1996; Carl- 
berg and Rohrschneider 1997; Gu et al. 1998; Nishida et 
al. 1999). Recently, it was found that SHIP can also form 
complexes with Gab family members. An association of 
SHIP with Gabl and Gab2 was detected in EPO-stimu- 
lated UT-7 cells and M-CSF-stimulated FD/fms cells, 
respectively (Lecoq-Lafon et al. 1999; Y. Liu, B.J. Jenkins, 
and L.R. Rohrschneider, in prep.). The interactions be- 
tween SHIP and tyrosine phosphorylated Gab family 
members are presumably through the SH2 domain of 
SHIP. In support of this hypothesis, we found that a 
GST-fusion protein of the SHIP- SH2 domain is suffi- 
cient to pull down Gab2 after M-CSF stimulation in FD/ 



fms cells (Y. Liu, B.J. Jenkins, and L.R. Rohrschneider, in 
prep.). However, it is still not clear whether the interac- 
tions are direct or through proteins such as Grb2, p85/ 
PI3'K, or SHP-2. More experiments, including in vitro 
binding assay and mutant analyses, are required to ad- 
dress this question and, more importantly, to explore the 
functional significance of the interaction between these 
two interesting molecules. 

She and Grb2 

She and Grb2 are ubiquitously expressed adaptor pro- 
teins, first identified as important mediators of growth 
factor receptor signaling through the Ras/MAPK path- 
way (Rozakis-Adcock et al. 1992; for review, see Lewis et 
al. 1998). The SH3 domain of Grb2 presumably interacts 
with one of the polyproline motifs in the SHIP carboxyl 
terminus (Damen et al. 1996), and the PTE domain of 
She binds to the tyrosine-phosphorylated NPXY motifs 
in SHIP (Lamkin et al. 1997). In vitro pull-down experi- 
ments using GST fused to the SHIP SH2 domain and 
synthetic phosphopeptides provide evidence that tyro- 
sine-phosphorylated She can also bind to the SHIP SH2 
domain directly (L. Liu et al. 1997a; Pradhan and Cogge- 
shall 1997; Tridandapani et al. 1999). In vivo data sup- 
port this model of SHIP-Shc interaction because experi- 
ments show that SHIP mutated at the SH2 domain is 
incapable of coimmunoprecipitaing She from a murine 
hematopoietic cell line, whereas wild-type SFIIP can (L. 
Liu et al. 1997a). However, the interpretation of this 
work is difficult, as the mutated SHIP also fails to be- 
come tyrosine phosphorylated in response to IL-3 stimu- 
lation like wild-type SHIP. Therefore, the decrease in 
She binding may arise due to decreased phosphorylation 
of the SHIP NPXY motifs mediating She PTE domain 
binding and may not represent a direct interaction with 
the SH2 domain. 

Mechanistically, it would seem unnecessary for SHIP 
to bind to She through both the SH2 domain and the 
NPXY motifs. However, Tridandapani et al. (1999) have 
observed that isolates of Fc-yRIIB contain SHIP but not 
She, whereas isolates of She contain SHIP but not 
FC7RIIB. This suggests that She binding is somehow ex- 
cluded from SHIP binding when the SHIP SH2 domain is 
engaged to Fc-yRIIB. From this work, Tridandapani et al. 
have proposed a model for Fc^RIIB-mediated signaling in 
which the SH2 domain of SHIP first engages the FC7RIIB. 
SHIP is then phosphorylated at the NPXY motifs by an 
undefined kinase, and the PTB domain of She interacts 
with SHIP. She then becomes tyrosine phosphorylated 
itself (Ingham et al. 1999), promoting the interaction of 
the SHIP SH2 domain with She. This would sever the 
interaction of SHIP with FC7RIIB through the SHIP SH2 
domain and thereby remove SHIP activity at the recep- 
tor. This is an intriguing hypothesis, and clearly, the 
interaction of the SH2 domain of SHIP and She demands 
further investigation. 

She is also a ligand for Grb2, with the SH2 domains of 
Grb2 binding to phosphorylated tyrosine residues on 
She. This situation raises several questions. Do SHIP, 
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She, and Grb2 form a heterotrimeric complex, or does 
the binding of just two of these molecules preclude the 
binding of the third member? Data from Harmer and 
DeFranco (1999), employing a Grb2-deficient cell line, 
suggest that efficient binding of SHIP and She requires 
Grb2, in a situation analogous to the Sos/Shc/ Grb2 com- 
plex formation. She and Grb2 together form a complex 
with Sos as part of the Ras/MAPK pathway. The binding 
of SHIP to She and Grb2 may interfere with the Sos/Shc/ 
Grb2 complex formation and subsequently block activa- 
tion of the Ras pathway. Fc^RII-mediated negative sig- 
naling in B cells is associated with a decrease in Ras 
activation accompanied by a decrease in Shc/Grb2/Sos 
formation (Tridandapani et al. 1997). Whether SHIP may 
be involved in this function by acting as a competitor for 
Shc/Grb2 binding versus Sos is unclear. Activation of 
the MAPK cascade seems unaffected in chicken B cells 
that do not express SHIP (Okada et al. 1998). Addition- 
ally, although microinjection of SHIP into Xenopus oo- 
cytes blocks activation of the MAPK pathway induced 
by insulin, injection of a catalytically inactive SHIP does 
not, suggesting that this inhibition is dependent on the 
inositol phosphatase domain of SHIP and not any por- 
tions of SHIP mediating She and Grb2 interactions (Deu- 
ter-Reinhard et al. 1997). 

Perhaps the simplest explanation for why SHIP binds 
She and Grb2 is because these adaptors serve to localize 
SHIP to various destinations inside the cell. She and 
Grb2 are knovm to interact with a variety of membrane- 
bound proteins; therefore, SHIP may employ interac- 
tions via these adapters to become localized to the cell 
membrane, where the substrates for its catalytic activity 
reside. Alternatively, the combination of She and Grb2 is 
linked to not only Sos and SHIP, but . also to the Gab 
family of proteins and numerous growth factor receptors. 
This suggests that She and Grb2 together may be in- 
volved in a common, perhaps universal, mechanistic 
step, which is currently not appreciated. 

PI3'K 

PI3'K, the enzyme responsible for PI(3,4,5)P3 production, 
is a heterodimer of a 85-kD regulatory subunit and a 
110-kD catalytic subunit. The p85 subunit of PIS'K con- 
tains two SH2 domains, both with similar binding speci- 
ficity [pY-(M/V/I/E)-x-M] when tested against tyrosine- 
phosphorylated peptide motifs in vitro (Felder et al. 
1993; Songyang et al. 1993). Interestingly, a p85 SH2- 
domain recognition motif is present in SHIP as the se- 
quences immediately adjacent to the tyrosine of the first 
NPXY motif (i.e., NPXpYIGM). Experiments using a 
GST-p85 SH2 fusion protein show that this domain 
binds to full-length tyrosine-phosphorylated SHIP, but 
not to nonphosphorylated SHIP (Gupta et al. 1999; Lucas 
and Rohrschneider 1999). The SHIPp isoform retains the 
NPXpY motif, but the upstream splice junction near the 
3' side of this motif disrupts the potential p85 SH2-do- 
main binding motif by changing the amino acid se- 
quence to NPXpYIAN. The sequence alteration in this 
motif results in the decreased ability of the p85 SH2 



domain binding to SHIPp. The association of p85/PI3'K 
with SHIP could represent an interesting complex of en- 
zymes favoring the conversion of PI(4,5)P2 to PI(3,4,5)P3, 
and finally, PI(3,4)P2. Such conversion may be important 
in signaling for the membrane localization, or turnover 
of various PH domain-containing proteins. On the other 
hand, the human SHIP protein contains a slightly differ- 
ent motif at this site and its association with p85 has not 
been tested. Support for the biological significance of the 
SHIP-p85/PI3'K interaction would be greatly enhanced 
if p85 were also found to interact with the human SHIP. 

PIASl interaction with SHIP 

In our laboratory, the carboxyl tail of SHIP was used as 
bait in a yeast two-hybrid screen to look for murine he- 
matopoietic-cell proteins interacting with the SHIP tail. 
No exogenous protein kinase activity was incorporated 
into the screen, and it was therefore anticipated that tar- 
get proteins might contain SH3 domains or interact with 
the SHIP carboxyl tail via other nonphosphorylated 
amino acid sequences. The screen identified five inter- 
acting proteins; three of these each contained at least one 
SH3 domain. Not surprisingly, Grb2 was one of these 
proteins. Two additional SH3 domain-containing adap- 
tor proteins were obtained, one of which was novel. Also 
identified in the same screen was an interaction between 
SHIP and a protein inhibitor of STATl called PIASl (pro- 
tein inhibitor of activated STATl) (B. Liu et al. 1998). 
Biochemical analyses have demonstrated that SHIP and 
PIASl interact constitutively in the unstimulated mono- 
cytic precursor cell line FD/Fms (J.F. Fuller and L.R. 
Rohrschneider, in prep.). Furthermore, PIASl interacts 
directly with the nonphosphorylated carboxyl terminus 
of SHIP, and conversely, SHIP interacts only with PIASl 
and not the PLAS3 homolog (Chung et al. 1997a). Given 
the large number of protein interaction sites within the 
SHIP carboxyl terminus, further effector or regulatory 
proteins of SHIP inteacting with this domain are likely 
to be identified. 



DAB-1 

The neuronal protein Dab-1 binds via its PTB domain to 
the NPXY motifs on SHIP in vitro (Howell et al. 1999). 
Dab- 1 is expressed in both neuronal and hematopoietic 
cells and could interact with SHIP in the blood cells. 
Dab-1 binds both membrane inositol phospholipids and 
transmembrane receptors in neuronal cells, and thus 
may link receptor signaling with phosphatidylinositol 
polyphosphate metabolism. A physical interaction be- 
tween SHIP and Dab-1 in vivo has not been reported; 
although an association would be interesting, it remains 
speculative. 

General biology of SHIP proteins 

SHIP is tyrosine phosphorylated and participates in sig- 
naling by a large number of hematopoietic growth fae- 
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tors and cytokines. Despite this contribution to very 
early events in apparent positive growth factor signahng, 
overexpression studies of pi 45 SHIP in myeloid cell lines 
indicated a negative role for SHIP in cell growth (Lioubin 
et al. 1996), and apoptosis was detected in some SHIP- 
overexpressing cell lines (L. Liu et al. 1997a). A negative 
role for SHIP signaling also has been described in B cells 
(Chacko et al. 1996; Ono et al. 1996; Kiener et al. 1997); 
however, the biochemical nature for the signaling in the 
hematopoietic cell types varies considerably. One must 
therefore wonder whether SHIP interactions are cell- 
type specific, or whether the differences indicate that the 
details are yet incomplete. 

Gene-targeted knockout of SHIP in mice (Helgason et 
al. 1998; Liu et al. 1999) results in animals that are viable 
and fertile, but the life span of the homozygous-nuU ani- 
mals is decreased due to myeloid cell infiltration of vital 
organs. Within the SHIP-null animals, a chronic progres- 
sive hyperplasia of the granulocytes and macrophages is 
observed, perhaps at the expense of B-cell production, 
whereas erythroid cell numbers show little or no change 
from the SHIP wild-type mice. The increased myeloid 
cell proliferation in the 5H/P-null mice is associated 
with both increased PI(3,4,5)P3 production and the wort- 
mannin-sensitive activation of serine/threonine kinase 
Akt/PKB. These cells are also less sensitive to apoptosis. 
Therefore, the most pronounced role for SHIP is in main- 
taining balanced growth regulation for specific myeloid 
cells, perhaps through governing the levels of growth- 
stimulated PI(3,4,5)P3 and the subsequent activation of 
Akt/PKB. In the lymphoid cell compartment, the B-cell 
numbers are also affected by SHIP deficiency, but 
whether this results from a direct or indirect effect of 
SHIP is not clear. 



SHIP and PTEN 

The role of SHIP in the enzymatic conversion of 
PI(3,4,5)P3 to PI(3,4)P2 stimulates the question of 
whether SHIP is a tumor suppressor like the PTEN pro- 
tein, which utilizes the same lipid substrate but pro- 
duces a different lipid product, PI(4,5)P2. Two lines of 
evidence indicate that SHIP is clearly not a tumor sup- 
pressor. First, the PTEN protein is encoded by a chromo- 
somal location (I0p23.3) associated in humans with an 
increased cancer incidence due to abnormalities and loss 
of heterozygosity (Li et al. 1997; Steck et al. 1997). The 
human SHIP protein is encoded by a locus (2q36-q37) in 
which the occasional overt defects (i.e., large deletions) 
exhibit only sporadic association with tumor formation 
(Geier et al. 1997). Second, whereas mice heterozygous 
for a functionally defective PTEN allele incur an in- 
creased cancer incidence (exacerbated by sublethal radia- 
tion) (Di Cristofano et al. 1998; Suzuki et al. 1998; 
Podsypanina et al. 1999), mice heterozygous for SHIP 
loss are virtually normal (Helgason et al. 1998; Liu et al. 
1999). Even the homozygous SHIP-null mice do not have 
an increased susceptibility to cancer; however, the my- 
eloproliferative disorder resulting in a decreased life span 



may preclude complete assessment of susceptibility 
changes to cancer in these animals. Nevertheless, de- 
spite the fact that SHIP is a negative regulator of cell 
growth, none of the main hallmarks of tumor suppressor 
activity indicate that SHIP'S function falls within this 
category. 

A more interesting question is why SHIP is not a tu- 
mor suppressor like PTEN, as they both have a common 
lipid substrate — PI(3,4,5)P3. Part of the answer may be 
obtained from comparison of knockout animals for each 
gene: PTEN~^~ mice exhibit a much more severe pheno- 
type than SHIP~^~ mice do. The former knockout result 
in embryonic lethality, whereas the latter mice are 
physically almost indistinguishable from wild-type mice 
(but with a shorter life span as discussed above). There 
are two possibilities for this difference in biological ac- 
tivity. One, the pathology in SHIP~^~ mice may not be as 
severe as expected because a SHIP homolog compensates 
for the loss. The SHIP2 protein is a logical candidate 
because it too is expressed in blood cells (Pesesse et al. 
1997; Wisniewski et al. 1999). Second, the PTEN protein 
may have a more critical role than SHIP in cell growth 
and development. Perhaps PTEN performs some addi- 
tional functions, not overlapping with those of SHIP, 
thus accounting for the activities of tumor suppression 
and embryonic lethality. It is not possible to distinguish 
between these possibilities at present. 



Summary of SHIP interactions and possible functions 

The overriding theme for SHIP function has consistently 
emphasized its negative regulatory role in cell growth 
and development. SHIP does not appear to be necessary 
for growth or differentiation per sc; however, it has dis- 
cemible effects on regulating these activities. The ex- 
perimental specifics of the mechanism for this negative 
function differ depending upon the hematopoietic cell 
type and the portion of the SHIP protein under investi- 
gation. We will first describe the most prominent 
mechanisms uncovered for B-lineage cells, mast cells, 
and myeloid cells, and critically discuss the overall 
mechanisms. 



B cells 

Naive B cells have the innate capability of each express- 
ing one of an extraordinarily large number (-10^^) of an- 
tibody specificities on their cell surface encoded as the 
variable region of the BCR. With such a large antibody 
repertoire, some specificities will be directed against the 
individual harboring these B cells, whereas other speci- 
ficities will be needed to fight infection by various in- 
vading microorganisms. B cells expressing BCRs with 
the former specificity must be eliminated, whereas B 
cells with the latter BCR specificity should be amplified 
to provide protection. This occurs through negative and 
positive selection of individual naive B cells, respec- 
tively. 

The proposed positive and negative B-cell signaling 
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mechanisms are shown in Figure 3. Positive signaling is 
observed after BCR cross-linking with multivalent anti- 
gen (or Fab'2 antibody with specificity for the BCR). Cru- 
cial steps in this signaling are PI3'K activation (Hippen 
et al. 1997; Kiener et al. 1997), with production of 
PI(3,4,5)P3 from the more abundant lipid/ PI(4,5)P2. The 
PH domain of the nonreceptor tyrosine kinase, Btk, 
binds to PI(3,4,5)P3 with high affinity (Fukuda et al. 
1996; Salim et al. 1996; Rameh et al. 1997) and the down- 
stream phospholipid C 72 (PLC72) becomes tyrosine 
phosphorylated and activated. The subsequent action of 
PLC72 on the lipid PI(4,5)P2 produces diacylglycerol and 
IP3, which activate PRC and induce release of Ca^'' from 
cytoplasmic stores, respectively. Each of these steps is 
essential for the positive signals because inhibitors or 
mutations in critical regions of these proteins eliminates 
the increased influx of intracellular Ca^" and the positive 
signal for growth and further development (Kurosaki 
1999). 

The positive signal results in amplification of B cells 
expressing high-affinity antibodies beneficial to the host. 
However, if an individual B cell is producing a nonben- 
eficial antibody (e.g., directed against the host), that cell 
must be eliminated. In that case, the positive signal 
must be attenuated, and that mechanism is shown in the 
gray-shaded area of Figure 3. The negative signal is ini- 
tiated by cross-linking the BCR with the primarily B cell- 
specific isotype of the Fc^RJI receptor (e.g., FC7RIIBI). 
Cross-linking is achieved in vivo when the concentra- 
tions of antigen and antibody approach equivalence. In 
vitro this is achieved by exposure of B cells to intact IgG 
with immune specificity for the BCR (the Fc portion of 
the IgG then naturally attaches to the FC7RII). The 
FC7RIIBI receptor contains an immunoreceptor tyrosine- 
based inhibitory motif (ITIM) in its short 62-amino-acid 
cytoplasmic tail, and tyrosine phosphorylation of the tail 
region, by a kinase such as Lyn, marks a docking site for 
the amino-terminal SHIP SH2 domain. Thus, the consti- 



tutively active phosphatidylinositol 5 '-phosphatase do- 
main of SHIP is tethered to the cytoplasmic plasma 
membrane surface where its substrate [PI(3,4,5)P3] is be- 
ing produced by the activated PI3'K. The SHIP enzymat- 
ic activity converts PI(3,4,5)P3 to PI(3,4)P2 and elimi- 
nates the higher affinity binding site for the PH domain 
of Btk (Salim et al. 1996; Bolland et al. 1998; Scharenberg 
et al. 1998). The disruption of the Btk PH domain inter- 
action with the membrane appears sufficient to block 
positive signaling, because Btk-deficient cells lack the 
positive response (induced by BCR cross-linking and 
measured by increased Ca^^ influx and growth stimula- 
tion) (Rawlings and Witte 1994; Fluckiger et al. 1998). 
The positive signal can be reinstated in the Btk-deficient 
cells by introduction of a wild-type Btk (Fluckiger et al. 
1998). Furthermore, spontaneous mutations in broad re- 
gions encoding the Btk protein that arise in both humans 
and mice result in X-linked agammaglobulinemia, a dis- 
ease characterized by failure of positive B-cell signaling. 
Individual mutations in the Btk PH domain alone are 
sufficient to abrogate the positive growth signal (Conley 
and Rohrer 1995; Rawlings and Witte 1995). Therefore, 
the positive signal for B-cell growth and development 
induced by BCR cross-linking, is substantially attenu- 
ated upon coligation of the BCR with FC7RIIBI. The ino- 
sitol 5'-phosphatase enzymatic activity of SHIP, tethered 
to the Fc receptor, depletes the intracellular membrane 
surface of the PI(3,4,5)P3 needed for Btk activation. The 
Ca^^ influx from intracellular sources is prevented and 
these B cells do not proliferate or develop further. 

This mechanism may be close to the truth, but the 
overall picture is incomplete. The SHIP 5 '-phosphatase 
activity is required for attenuating the positive Ca^" in- 
flux in B-cell signal (Ono et al. 1997), but other domains 
of SHIP also may be required. For example, the carboxyl 
terminus of SHIP has the potential for interacting with 
many different proteins, but its role in negative signaling 
has not been examined. Perhaps a block in the Ca^" in- 



Figure 3. Role of SHIP in B-cell negative sig- 
naling. Positive signals for B-cell growth and de- 
velopment are triggered by cross-linking the 
BCR and are shown in the right side. Resultant 
activation of PI3'K produces the hpid 
PI(3,4,5)P3, a high-affinity ligand for the PH do- 
main of the tyrosine kinase Btk. The activation 
of Btk leads to cytolpasmic influx of Ca^* from 
intracellular sources, ultimately resulting in 
growth and further B-cell development. The 
positive signal is attenuated greatly by the 
events shown within the gray-shaded area. 
Cross-linking the BCR to the FC7RIIB receptor 
at the cell surface begins the process that pre- 
empts the activation signal. The SHIP protein 
binds to a tyrosine-phosphorylated motif in the 
cytoplasmic sequence of the Fc7RnB via its SH2 
domain and converts PI(3,4,5)P3 to PI|3,4)P2 at 
the membrane activation sites. The loss of 
PI(3,4,5|P3 is believed to prevent Btk activation; 
and thus, both intracellular Ca^* influx and 
growth are attenuated. 
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flux due to the SHIP 5 '-phosphatase domain, plus addi- 
tional negative activities are needed for a complete block 
in B-cell development. A good example of an additional 
negative signaling protein that may participate in this 
process is the Dok protein. Dok contributes to B cell- 
negative signaling but does not affect Ca^* influx and 
therefore could contribute other negative functions (Ya- 
manashi et al. 2000). 



Myeloid cells (mast cells, neutrophils, macrophages, 
and their progenitors) 

Mast cells provide an early line of defense against invad- 
ing organisms or allergens. The release of a defensive 
mixture of molecules, stored in cytoplasmic granules, is 
triggered in these cells by immune complexes of mono- 
meric IgE cross-linking the high-affinity cell-surface IgE 
receptor, FC7RI. This receptor is comprised of three sub- 
unit proteins, two of which contain IT AM motifs in 
their short (<50 amino acid) cytoplasmic tail. Like the 
FC7RIIBI receptor in B cells, the tyrosine-phosphorylated 
cytoplasmic region of the FceRI receptor on mast cells 
also binds the SH2 domain of SHIP upon aggregation 
(Osborne et al. 1996; Kimura et al. 1997). The mast cells 
undergo a large cytoplasrriic Ca^^ influx, which presum- 
ably triggers, at least in part, the degranulation and re- 
lease of defensive molecules. Mast cells, derived from 
SHIP"^^ mouse bone marrow, exhibit the Ca^* influx, 
whereas those derived from SHIP~^~ animals ehibit a 
more pronounced Ca^* influx, especially subsequent to 
the initial spike of Ca^^ influx, suggesting a role of SHIP 



as the "gatekeeper" in setting the threshold for the over- 
all signal (Huber et al. 1998). The exact mechanism for 
SHIP attenuation of the Ca^* influx in mast cells has not 
been worked out, but aspects of the mechanism de- 
scribed for B cells might be presupposed. 

In addition to the SHIP-regulated Ca^^ influx demon- 
strated in mast and B cells, other potential mechanisms 
of negative regulation have been described. The diagram 
in Figure 4A illustrates some of the interactions of SHIP 
within a generic myeloid cell. Cells from SH/P-null mice 
have been used to demonstrate the requirement for this 
protein in dovm-modulating a growth factor receptor- 
mediated Akt/PKB activation. and survival signal in my- 
eloid cells (Liu et al. 1999). IL-3 or GM-CSF stimulation 
of mast cells or neutrophils from SHIP^^^ mice activates 
PI3'K producing PI(3,4,5)P3. The PH domain of Akt/PKB 
iriteracts with the new phospholipids and becomes acti- 
vated by phosphorylation at Ser-473 and Thr-308 in a 
PI(3,4,5)P3-dependent manner. Subsequent phosphoryla- 
tion of the Akt/PKB substrates occurs [ e.g., proapoptic 
signaling protein (BAD) and glycogen synthese kinase-3 
(GSK-3)] and cell survival is extended. The PTEN protein 
(as discussed above) may regulate the basal levels of 
PI(3,4,5)P3 (Myers et al. 1997). SHIP is proposed to regu- 
late the growth factor induced levels of PI(3,4,5)P3, be- 
cause mast ceils from SHIP~^~ animals exhibit greater 
Akt/PKB activation (measured by serine/threonine 
phosphoryaltion and GSK-3 phosphorylation), and it re- 
mains activated for extended times following IL-3 stimu- 
lation (Liu et al. 1999). SHIP'^~ cells also exhibit an in- 
creased resistance to inducers of apoptosis, consistent 
with the role of Akt/PKB in this process. Additionally, 
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Figure 4, Negative regulation of cell growth and/or survival by SHIP may be achieved by different mechanisms. [A] Localized PI3'K 
activity, resulting from growth factor stimulation, produces the lipid PI(3,4,5)P3, which serves as a binding site for the PH domains 
of the Akt/PKB kinase, as well as the PDKl kinase, which activates Akt/PKB. The continued survival signal depends on activated 
Akt/PKB and the presence of the PI(3,4,5)P3 lipid at the membrane. SHIP ablates the positive survival signal by metabolizing the 
PI(3,4,5)P3 to PI(3,4)P2, a form that presumably is unable to support activation Akt/PBK. (B] An alternative mechanism for SHIP 
signaling is illustrated with the M-CSF receptor FMS. Activation of FMS by its ligand, M-CSF, results in tyrosine phosphorylation of 
several cytoplasmic proteins. SHIP becomes tyrosine phosphorylated by a yet unknown kinase, at one or both of the carboxy-terminal 
NPXY motifs. PIASl interacts with the carboxyl terminus of the unphosphorylated SHIP and is released from SHIP upon tyrosine 
phosphorylation. PIASI is known to interact with STATl and may modify STATl transcription following M-CSF stimulation. 
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the PI3'K inhibitor wortmannin prevents PI(3,4,5)P3 ac- 
cumulation and Akt/PKB activation, and sensitizes cells 
to apoptosis. These data indicate that PIS'K is essential 
for the resistance to apoptosis and Akt/PKB activation 
observed in SHIP^^^ cells. 

Phospholipids regulate Akt/PKB activation; however, 
this regulation is more complex than shown in Figure 4 
because the PH domains of Akt/PKB and PDKl can in- 
teract with either PI(3,4,5)P3 or PI(3,4)P2 in the activa- 
tion process (Stephens et al. 1998). Therefore, the overall 
mechanism becomes more complex than shown. Con- 
sidering additional variables associated with phospho- 
lipid metabolism, there is definitely more to be leamed 
about this step; 

The complex nature of PI(3,4,5)P3 in this overall pro- 
cess is also illustrated by the finding that in the B cell 
system, wortmannin also affected binding of the PH do- 
main of Btk to this same lipid. SHIP also mediates the 
inhibition of Akt/PKB activation in B cells (Aman et al. 
1998); therefore, activation of both Akt/PKB and Btk re- 
quire binding to PI(3,4,5)P3 via their PH domains. 

A distinct mechanism for SHIP'S negative role in cell 
growth and development may utilize proteins binding to 
the carboxy-terminal sequences of SHIP. In FDC-Pl cells 
expressing an exogenous M-CSF receptor (FMS), M-CSF 
stimulation recapitulates most features of macrophage 
differentiation (Rohrschneider and Metcalf 1989).* SHIP 
participates in the FMS signaling, and as described 
above, the PlASl protein was found to bind constitu- 
tively to the carboxyl terminus of SHIP in unstimulated 
cells. Interestingly, M-CSF stimulation resulted in SHIP 
tyrosine phosphorylation and decreased interaction be- 
tween SHIP and PlASl . The fate of PIASl in this system 
is not yet clear, but its specific interaction with activated 
STATl (B. Liu et al. 1998) suggests a role in transcrip- 
tional regulation. STATl is necessary for transcriptional 
activation of genes mediating innate immunity to viral 
disease (Durbin et al. 1996), and PIASl might modify 
that response. Thus, whereas the functions of SHIP de- 
scribed in Figures 3 and 4A rely primarily on the 5'-' 
phosphatase enzymatic domain, the activity diagramed 
in Figure 4B depends on effector proteins attached to 
> SHIP. The role of effector proteins in SHIP function has 
not been thoroughly explored but should provide addi- 
tional clues for understanding the mechanisms of SHIP'S 
negative functions. 



Role of SHIP in human disease 

Research on potential physiological roles of SHIP pro- 
teins in human maladies has, so far, yielded no direct 
connection with tumor suppression or tumor formation, 
as measured by over expression studies, mutational 
analysis, or examination of the SHIP chromosomal ab- 
normalities associated with disease states. Results from 
the SHIP knockout studies in mice largely agree that 
SHIP deficiency in the blood cells results in myelopro- 
liferation and hyper-responsiveness to growth factor 
stimulation. A similar spectrum of abnormalities is seen 



in BCR-ABL-induc&d transformation of mice, and Sat- 
tler et al. (1999) have exploited this relationship to show 
that BCR-ABL, a causative oncogene for chronic my- 
elogenous leukemia (CML) in both humans and mice, 
inhibits expression of the SFIIP protein. The kinase ac- 
tivity of BCR-ABL is necessary for the SHIP suppression 
because a chemical inhibitor of the ABL kinase activity 
restored SHIP expression. This same inhibitor (Novartis, 
CGP57148B) has now undergone clinical trials in hu- 
mans, and the results indicate successful drug therapy 
against CML (B. Druker, pers. comm.). Although the role 
of SFnP in the CML drug therapy trial was not examined, 
these results raise the possibility of a more fundamental 
role for SHIP in regulating the preleukemic stages of dis- 
ease formation. Examination of potential roles of SHIP in 
related disease states of blood cell formation may be 
worthwhile. Such disease states would include myelo- 
proliferative disorders, polycythemia vera, agnogenic 
myeloid metaplasia, primary thrombocythemia, and 
chronic monocytic or neutrophilic leukemias. 
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Induction of Macl+Grl+ MSG in adult mice and myeloid cells suppresses allogenic T cell 
priming. (A) FACS detection of MSG in LN and spleens (Spl) of MXGreSHIPflox/- and 
SHIPflox/-mice treated with poly(I/C) (625_g, 3X over 6 days). Two weeks later, the mice were 
sacrificed and their spleens and mesenteric LN analyzed by FAGS for Macl and Grl staining. 
The "Partial Deletion" animal showed SHIP protein in the blood at 10-20% of WT controls. The 
"Full Deletion" animal had no detectable SHIP signal. The contour plots show staining on viable 
splenocytes and LN cells. (B, G) SHff -ablated Spl and LN cells from MX-GreSHIPflox/- mice 
prime allogeneic BALB/G LN or Spl cells poorly relative to Gre- controls in the one-way MLR. 
(D) FAGS detection of MSG in spleens (Spl) of LysGreSHIPflox/- and SHIPflox/- mice. (E) 
Spleen cells from LysGreSHIPflox/- prime allogeneic BALB/G Spl cells poorly relative to Cre- 
controls in the one-way MLR (***, p<0.001). 
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